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(54) Method of depositing an amorphous carbon layer 



(57) A method of forming an integrated circuit using 
an amorphous carbon film. The amorphous carbon film 
is formed by thermally decomposing a gas mixture com- 
prising a hydrocarbon compound and an inert gas. The 
amorphous carbon film is compatible with integrated cir- 
cuit fabrication processes. In one integrated circuit fab- 



rication process, the amorphous carbon film is used as 
a hardmask. In another integrated circuit fabrication 
process, the amorphous carbon film is an anti-reflective 
coating (ARC) for deep ultraviolet (DUV) lithography. In 
yet another integrated circuit fabrication process, a mul- 
ti-layer amorphous carbon anti-reflective coating is used 
for DUV lithography. 
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Description 

[0001] The present invention relates to an amorphous 
carbon film, its use in integrated circuit fabrication, and 
a method for depositing the film. 
[0002] Integrated circuits have evolved into complex 
devices that can include millions of transistors, capaci- 
tors and resistors on a single chip. The evolution of chip 
designs continually requires faster circuitry and greater 
circuit density. The demands for faster circuits with 
greater circuit densities impose corresponding de- 
mands on the materials used to fabricate such integrat- 
ed circuits. In particular, as the dimensions of integrated 
circuit components are reduced (e. g., sub-micron di- 
mensions), it has been necessary to use low resistivity 
conductive materials (e. g., copper) as well as low die- 
lectric constant insulating materials (dielectric constant 
less than about 4.5) to improve the electrical perform- 
ance of such components. 

[0003] The demands for greater integrated circuit 
densities also impose demands on the process se- 
quences used for integrated circuit manufacture. For ex- 
ample, in process sequences using conventional litho- 
graphic techniques, a layer of energy sensitive resist is 
formed over a stack of material layers on a substrate. 
An image of a pattern is introduced into the energy sen- 
sitive resist layer. Thereafter, the pattern introduced into 
the energy sensitive resist layer is transferred into one 
or more layers of the material stack formed on the sub- 
strate using the layer of energy sensitive resist as a 
mask. The pattern introduced into the energy sensitive 
resist can be transferred into one or more layers of the 
material stack using a chemical etchant. The chemical 
etchant is designed to have a greater etch selectivity for 
the material layers of the stack than for the energy sen- 
sitive resist. That is, the chemical etchant etches the one 
or more layers of the material stack at a much faster rate 
than it etches the energy sensitive resist. The faster etch 
rate for the one or more material layers of the stack typ- 
ically prevents the energy sensitive resist material from 
being consumed prior to completion of the pattern trans- 
fer. 

[0004] However, demands for greater circuit densities 
on integrated circuits have necessitated smaller pattern 
dimensions (e. g., sub-micron dimensions). As the pat- 
tern dimensions are reduced, the thickness of the ener- 
gy sensitive resist must correspondingly be reduced in 
order to control pattern resolution. Such thinner resist 
layers (less than about 6000 A) can be insufficient to 
mask underlying material layers during a pattern trans- 
fer step using a chemical etchant. 
[0005] An intermediate oxide layer (e.g., silicon diox- 
ide, silicon nitride), called a hardmask, is often used be- 
tween the energy sensitive resist layer and the underly- 
ing material layers to facilitate pattern transfer into the 
underlying material layers. However, some material 
structures (e.g., damascene) include silicon dioxide 
and/or silicon nitride layers. Such material structures 



cannot be patterned using a silicon dioxide or silicon ni- 
tride hardmask as an etch mask. 
[0006] Resist patterning problems are further com- 
pounded when lithographic imaging tools having deep 

5 ultraviolet (DUV) imaging wavelengths (e. g., less than 
about 250 nanometers (nm)) are used to generate the 
resist patterns. The DUV imaging wavelengths improve 
resist pattern resolution because diffraction effects are 
reduced at these shorter wavelengths. However, the in- 
to creased reflective nature of many underlying materials 
(e. g., polysilicon and metal silicides) at such DUV wave- 
lengths, can degrade the resulting resist patterns. 
[0007] One technique proposed to minimize reflec- 
tions from an underlying material layer uses an anti-re- 

15 flective coating (ARC). The ARC is formed over the re- 
flective material layer prior to resist patterning. The ARC 
suppresses the reflections off the underlying material 
layer during resist imaging, providing accurate pattern 
replication in the layer of energy sensitive resist. 

20 [0008] A number of ARC materials have been sug- 
gested for use in combination with energy sensitive re- 
sists. For example, U. S. Patent 5,626,967 issued May 
6, 1 997 to Pramanick et al. describes the use of titanium 
nitride anti-reflective coatings. However, titanium nitride 

25 is increasingly metallic as the exposure wavelength is 
reduced below 248 nm, meaning titanium nitride has 
high reflectivity for DUV radiation and is not an effective 
anti-reflective coating for DUV wavelengths. 
[0009] U. S. Patent 5,710,067 issued January 20, 

30 1998 to Foote et al. discloses the use of silicon oxyni- 
tride anti-reflective films. Silicon oxynitride films are dif- 
ficult to remove, in that they leave residues behind that 
potentially interfere with subsequent integrated circuit 
fabrication steps. 

35 [001 0] Therefore, a need exists in the art for a material 
layer useful for integrated circuit fabrication, which has 
good etch selectivity with oxides. Particularly desirable 
would be a material layer that is also an ARC at DUV 
wavelengths and is easy to strip. 

40 [0011] The present invention provides a method for 
forming an amorphous carbon layer for use in integrated 
circuit fabrication. The amorphous carbon layer is 
formed by thermally decomposing a gas mixture com- 
prising a hydrocarbon compound and an inert gas. The 

45 gas mixture, which may optionally include an additive 
gas, is introduced into a process chamber where plasma 
enhanced thermal decomposition of the hydrocarbon 
compound in close proximity to a substrate surface, re- 
sults in deposition of an amorphous carbon layer on the 

50 substrate surface. 

[0012] An as-deposited amorphous carbon layer, de- 
posited according to the process of the invention, has 
an adjustable carbon: hydrogen ratio that ranges from 
about 10 % hydrogen to about 60 % hydrogen. The 

55 amorphous carbon layer also has a light absorption co- 
efficient, k, that can be varied between about 0.1 to 
about 1.0 at wavelengths below about 250 nm, making 
it suitable for use as an anti-reflective coating (ARC) at 
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DUV wavelengths. 

[0013] The amorphous carbon layer is compatible 
with integrated circuit fabrication processes. In one in- 
tegrated circuit fabrication process, the amorphous car- 
bon layer is used as a hardmask. For such an embodi- 
ment, a preferred process sequence includes deposit- 
ing an amorphous carbon layer on a substrate. After the 
amorphous carbon layer is deposited on the substrate, 
an intermediate layer is formed thereon. A pattern is de- 
fined in the intermediate layer and transferred into the 
amorphous carbon layer. Thereafter, the pattern is 
transferred into the substrate using the amorphous car- 
bon layer as a hardmask. Additionally, the pattern de- 
fined in the amorphous carbon hardmask can be incor- 
porated into the structure of the integrated circuit, such 
as for example in a damascene structure. 
[0014] In another integrated circuit fabrication proc- 
ess, the amorphous carbon layer is used as a single lay- 
er anti-reflective coating for DUV lithography. For such 
an embodiment, a preferred process sequence includes 
forming the amorphous carbon layer on a substrate. The 
amorphous carbon layer has a refractive index (n) in the 
range of about 1.5 to 1.9 and an absorption coefficient 
(k) in the range of about 0.1 to about 1 .0 at wavelengths 
less than about 250 nm. The refractive index (n) and 
absorption coefficient (k) for the amorphous carbon 
ARC are tunable, in that they can be varied in the de- 
sired range as a function of the temperature and com- 
position of the gas mixture during layer formation. After 
the amorphous carbon layer is formed on the substrate, 
a layer of energy sensitive resist material is formed ther- 
eon. A pattern is defined in the energy sensitive resist 
at a wavelength less than about 250 nm. Thereafter, the 
pattern defined in the energy sensitive resist is trans- 
ferred into the amorphous carbon layer. After the amor- 
phous carbon layer is patterned, such pattern is option- 
ally transferred into the substrate. 
[0015] In still another integrated circuit fabrication 
process, a multi-layer amorphous carbon anti-reflective 
coating is used for DUV lithography. For such an em- 
bodiment a preferred process sequence includes form- 
ing a first amorphous carbon layer on a substrate. The 
first amorphous carbon layer has an index of refraction 
in the range of about 1 .5 to about 1 .9 and an absorption 
coefficient (k) in the range of about 0.5 to about 1.0 at 
wavelengths less than about 250 nm. After the first 
amorphous carbon layer is formed on the substrate, a 
second amorphous carbon layer is formed thereon. The 
second amorphous carbon layer has an index of refrac- 
tion of about 1.5 to about 1.9 and an absorption coeffi- 
cient in the range of about 0.1 to about 0.5. The refrac- 
tive index (n) and absorption coefficient (k) for the first 
and second amorphous carbon layers are tunable, in 
that they can be varied in the desired range as a function 
of the temperature and composition of the gas mixture 
during layer formation. A layer of energy sensitive resist 
material is formed on the second amorphous carbon lay- 
er. A pattern is defined in the energy sensitive resist lay- 



er at a wavelength less than about 250 nm. The pattern 
defined in the energy sensitive resist material is there- 
after transferred into the second amorphous carbon lay- 
er followed by the first amorphous carbon layer. After 

5 the first amorphous carbon layer is patterned, such pat- 
tern is optionally transferred into the substrate. 
[001 6] An aspect of the invention is a method of form- 
ing an amorphous carbon layer on a substrate compris- 
ing positioning a substrate in a deposition chamber; pro- 

10 viding a gas mixture to the deposition chamber, wherein 
the gas mixture comprises one or more hydrocarbon 
compounds and an inert gas; and heating the gas mix- 
ture to thermally decompose the one or more hydrocar- 
bon compounds in the gas mixture to form an amor- 

15 phous carbon layer on the substrate. 

[0017] A preferred aspect of the above invention is a 
method wherein the amorphous carbon layer has an in- 
dex of refraction in the range of about 1 .5 to about 1 .9. 
[0018] A preferred aspect of the above invention is a 

20 method wherein the amorphous carbon layer has an ab- 
sorption coefficient in the range of about 0. 1 to about 
1 .0, at wavelengths less than about 250 nm. 
[001 9] An aspect of the invention is a method of form- 
ing a device, comprising forming one or more amor- 

25 phous carbon layers on a substrate; and defining a pat- 
tern in at least one region of the one or more amorphous 
carbon layers. 

[0020] A preferred aspect of the above invention is a 
method further comprising transferring the pattern de- 

30 fined in the at least one region of the one or more amor- 
phous carbon layers into the substrate using the one or 
more amorphous carbon layers as a mask. 
[0021] A preferred aspect of the above invention is a 
method further comprising the step of removing the one 

35 or more amorphous carbon layers from the substrate. 
[0022] A preferred aspect of the above invention is a 
method wherein the substrate has one or more material 
layers formed thereon. 

[0023] A preferred aspect of the above invention is a 
40 method wherein the oxide is selected from the group 
consisting of silicon dioxide, silicon nitride, silicon oxyni- 
tride, silicon carbide, and amorphous silicon. 
[0024] A preferred aspect of the above invention is a 
method wherein the one or more amorphous carbon lay- 
45 ers are removed from the substrate using an ozone, ox- 
ygen, or NH 3 plasma. 

[0025] A preferred aspect of the above invention is a 
method wherein the one or more amorphous carbon lay- 
ers each have an index of refraction in the range of about 

50 1.5 to about 1.9. 

[0026] A preferred aspect of the above invention is a 
method wherein the one or more amorphous carbon lay- 
ers are formed on the substrate by positioning the sub- 
strate in a deposition chamber; providing a gas mixture 

55 to the deposition chamber, wherein the gas mixture 
comprises one or more hydrocarbon compounds and an 
inert gas; and heating the gas mixture to thermally de- 
compose the one or more hydrocarbon compounds in 
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the gas mixture to form the one or more amorphous car- 
bon layers on the substrate. 

[0027] A preferred aspect of the above invention is a 
method wherein the one or more amorphous carbon lay- 
ers each have a thickness in the range of about 50 A to 
about 1500 A. 

[0028] A preferred aspect of the above invention is a 
method wherein the patterned radiation has a wave- 
length less than about 250 nanometers (nm). 
[0029] An aspect of the invention is a method of fab- 
ricating a damascene structure, comprising forming a 
dielectric layer on a substrate; forming an amorphous 
carbon layer on the dielectric layer; patterning the amor- 
phous carbon layer to define contacts/vias there- 
through; transferring the pattern formed in the amor- 
phous carbon layer through the dielectric layer to form 
contacts/vias therein; removing the amorphous carbon 
layer from the patterned dielectric layer; and filling the 
contacts/vias formed in the dielectric layer with a con- 
ductive material. 

[0030] A preferred aspect of the above invention is a 
method wherein the dielectric layer has a dielectric con- 
stant less than about 4.5. 

[0031] A preferred aspect of the above invention is a 
method wherein the conductive material filling the con- 
tacts/vias has a resistivity less than about 5 u!2-cm. 
[0032] A preferred aspect of the above invention is a 
method wherein the dielectric layer is selected from the 
group consisting of silicon dioxide and fluorosilicate 
glass. 

[0033] A preferred aspect of the above invention is a 
method wherein the conductive material filling the con- 
tacts/vias is selected from the group consisting of cop- 
per, aluminum, tungsten, and combinations thereof. 
[0034] A preferred aspect of the above invention is a 
method wherein the one or more hydrocarbon com- 
pounds is selected from the group consisting of propyl- 
ene (C 3 H 6 ), propyne (C 3 H 4 ), propane (C 3 H 8 ), butane 
(C 4 H 10 ), butylene (C 4 H 8 ), butadiene (C 4 H 6 ), or acete- 
lyne (C 2 H 2 ) and combinations thereof. 
[0035] A preferred aspect of the above invention is a 
method wherein the amorphous carbon layer has a car- 
bon:hydrogen ratio in the range of about 10 % hydrogen 
to about 60 % hydrogen. 

[0036] A preferred aspect of the above invention is a 
method wherein the inert gas is selected from the group 
consisting of helium, argon and combinations thereof. 
[0037] A preferred aspect of the above invention is a 
method wherein the gas mixture further comprises an 
additive gas. 

[0038] A preferred aspect of the above invention is a 
method wherein the additive gas is selected from the 
group consisting of ammonia, nitrogen, hydrogen, and 
combinations thereof. 

[0039] A preferred aspect of the above invention is a 
method wherein the substrate is heated to a tempera- 
ture between about 100 °C and about 500 °C. 
[0040] A preferred aspect of the above invention is a 



method wherein the deposition chamber is maintained 
at a pressure between about 1 Torr to about 20 Torr. 
[0041] A preferred aspect of the above invention is a 
method wherein the gas mixture is provided to the dep- 
5 osition chamber at a flow rate in a range of about 50 
seem to about 500 seem. 

[0042] A preferred aspect of the above invention is a 
method wherein the electric field applied to the gas mix- 
ture is a radio frequency (RF) power. 

10 [0043] A preferred aspect of the above invention is a 
method wherein the amorphous carbon layer has a 
thickness in the range of about 200 A to about 1000 A. 
[0044] An aspect of the invention is a computer stor- 
age medium containing a software routine that, when 

15 executed, causes a general purpose computer to con- 
trol a deposition chamber according to any of the above 
methods. 

[0045] Embodiments of the present invention can be 
readily understood by considering the following detailed 
20 description in conjunction with the accompanying draw- 
ings, in which: 

FIG. 1 depicts a schematic illustration of an appa- 
ratus that can be used for the practice of this inven- 

25 tion; 

FIGS. 2a-2e depict schematic cross-sectional 
views of a substrate structure at different stages of 
integrated circuit fabrication incorporating an amor- 
phous carbon layer as a hardmask; 

30 FIGS. 3a-3e depict schematic cross-sectional 
views of a damascene structure at different stages 
of integrated circuit fabrication incorporating an 
amorphous carbon layer as a hardmask; 
FIGS. 4a-4c depict schematic cross-sectional 

35 views of a substrate structure at different stages of 
integrated circuit fabrication incorporating an amor- 
phous carbon layer as an anti-reflective coating 
(ARC); and 

FIGS. 5a-5d depict schematic cross-sectional 
40 views of a substrate structure at different stages of 
integrated circuit fabrication incorporating a multi- 
layer amorphous carbon ARC structure. 

[0046] The present invention provides a method of 
45 forming an integrated circuit using an amorphous car- 
bon layer. The amorphous carbon layer is formed by 
thermally decomposing a gas mixture comprising a hy- 
drocarbon compound and an inert gas. The gas mixture, 
which may optionally include an additive gas, is intro- 
50 duced into a process chamber where plasma enhanced 
thermal decomposition of the hydrocarbon compound in 
close proximity to a substrate surface, results in depo- 
sition of an amorphous carbon layer on the substrate 
surface. The amorphous carbon layer is compatible with 
55 integrated circuit fabrication processes, discussed be- 
low. 

[0047] FIG. 1 is a schematic representation of a wafer 
processing system 1 0 that can be used to perform amor- 
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phous carbon layer deposition in accordance with the 
present invention. This apparatus typically comprises a 
process chamber 100, a gas panel 130, a control unit 
110, along with other hardware components such as 
power supplies and vacuum pumps. Details of the sys- 5 
tern 10 used in the present invention are described in a 
commonly assigned U.S. patent application, entitled 
"High Temperature Chemical Vapor Deposition Cham- 
ber", Serial No. 09/211,998, filed on December 14, 
1998, and is herein incorporated by reference. The sa- 10 
lient features of this system 10 are briefly described be- 
low. Examples of system 10 include CENTURA® sys- 
tems, PRECISION 5000® systems and PRODUCER™ 
systems commercially available from Applied Materials 
Inc., Santa Clara, California. *5 
[0048] The process chamber 1 00 generally compris- 
es a support pedestal 150, which is used to support a 
substrate such as a semiconductor wafer 190. This ped- 
estal 150 can typically be moved in a vertical direction 
inside the chamber 100 using a displacement mecha- 20 
nism (not shown). Depending on the specific process, 
the wafer 190 can be heated to some desired tempera- 
ture prior to processing. In the present invention, the wa- 
fer support pedestal 150 is heated by an embedded 
heater element 1 70. For example, the pedestal 1 50 may 25 
be resistively heated by applying an electric current from 
an AC supply 106 to the heater element 170. The wafer 
190 is, in turn, heated by the pedestal 150. A tempera- 
ture sensor 172, such as a thermocouple, is also em- 
bedded in the wafer support pedestal 1 50 to monitor the 30 
temperature of the pedestal 150 in a conventional man- 
ner. The measured temperature is used in a feedback 
loop to control the power supply 16 for the heating ele- 
ment 170 such that the wafer temperature can be main- 
tained or controlled at a desired temperature which is 35 
suitable for the particular process application. The ped- 
estal 150 is optionally heated using a plasma or by ra- 
diant heat (not shown). 

[0049] A vacuum pump 102, is used to evacuate the 
process chamber 100 and to maintain the proper gas *o 
flows and pressure inside the chamber 100. A shower- 
head 120, through which process gases are introduced 
into the chamber 100, is located above the wafer sup- 
port pedestal 150. The showerhead 120 is connected to 
a gas panel 130, which controls and supplies various 45 
gases used in different steps of the process sequence. 
[0050] The showerhead 120 and wafer support ped- 
estal 150 also form a pair of spaced apart electrodes. 
When an electric field is generated between these elec- 
trodes, the process gases introduced into the chamber 50 
100 are ignited into a plasma. Typically, the electric field 
is generated by connecting the wafer support pedestal 
150 to a source of radio frequency (RF) power (not 
shown) through a matching network (not shown). Alter- 
natively, the RF power source and matching network 55 
may be coupled to the showerhead 120, or coupled to 
both the showerhead 1 20 and the wafer support pedes- 
tal 150. 



[0051] Plasma enhanced chemical vapor deposition 
(PECVD) techniques promote excitation and/or disas- 
sociation of the reactant gases by the application of the 
electric field to the reaction zone near the substrate sur- 
face, creating a plasma of reactive species. The reac- 
tivity of the species in the plasma reduces the energy 
required for a chemical reaction to take place, in effect 
lowering the required temperature for such PECVD 
processes. 

[0052] In the present embodiment, amorphous car- 
bon layer deposition is accomplished by plasma en- 
hanced thermal decomposition of a hydrocarbon com- 
pound such as propylene (C 3 H 6 ). Propylene is intro- 
duced into the process chamber 100 under the control 
of gas panel 130. The hydrocarbon compound is intro- 
duced into the process chamber as a gas with a regu- 
lated flow. 

[0053] Proper control and regulation of the gas flows 
through the gas panel 130 is performed by mass flow 
controllers (not shown) and a controller unit 110 such as 
a computer. The showerhead 120 allows process gases 
from the gas panel 30 to be uniformly distributed and 
introduced into the process chamber 100. Illustratively, 
the control unit 110 comprises a central processing unit 
(CPU) 1 1 2, support circuitry 114, and memories contain- 
ing associated control software 116. This control unit 
110 is responsible for automated control of the numer- 
ous steps required for wafer processing - such as wafer 
transport, gas flow control, temperature control, cham- 
ber evacuation, and so on. Bi-directional communica- 
tions between the control unit 110 and the various com- 
ponents of the apparatus 10 are handled through nu- 
merous signal cables collectively referred to as signal 
buses 118, some of which are illustrated in FIG. 1. 
[0054] The heated pedestal 150 used in the present 
invention is made of aluminum, and comprises a heating 
element 170 embedded at a distance below the wafer 
support surface 151 of the pedestal 150. The heating 
element 1 70 can be made of a nickel-chromium wire en- 
capsulated in an Incoloy sheath tube. By properly ad- 
justing the current supplied to the heating element 170, 
the wafer 190 and the pedestal 150 can be maintained 
at a relatively constant temperature during film deposi- 
tion. This is accomplished by a feedback control loop, 
in which the temperature of the pedestal 1 50 is contin- 
uously monitored by a thermocouple 172 embedded in 
the pedestal 150. This information is transmitted to the 
control unit 110 via a signal bus 118, which responds by 
sending the necessary signals to the heater power sup- 
ply. Adjustment is subsequently made in the current 
supply 106 so as to maintain and control the pedestal 
150 at a desirable temperature - i.e., a temperature that 
is appropriate for the specific process application. When 
the process gas mixture exits the showerhead 1 20, plas- 
ma enhanced thermal decomposition of the hydrocar- 
bon compound occurs at the surface 191 of the heated 
wafer 190, resulting in a deposition of an amorphous 
carbon layer on the wafer 190. 
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Amorphous Carbon Layer Formation 

[0055] In one embodiment of the invention the amor- 
phous carbon layer is formed from a gas mixture of a 
hydrocarbon compound and an inert gas such as argon 
(Ar) or helium (He). The hydrocarbon compound has a 
general formula C x H y , where x has a range of between 

2 and 4 and y has a range of between 2 and 10. For 
example, propylene (C 3 H 6 ), propyne (C 3 H 4 ), propane 
(C 3 H 8 ), butane (C 4 H 10 ), butylene (C 4 H 8 ), butadiene 
(C 4 H 6 ), or acetelyne (C 2 H 2 ) as well as combinations 
thereof, may be used as the hydrocarbon compound. 
Similarly, a variety of gases such as hydrogen (H 2 ), ni- 
trogen (N 2 ), ammonia (NH 3 ), or combinations thereof, 
among others, may be added to the gas mixture, if de- 
sired. Ar, He, and N 2 are used to control the density and 
deposition rate of the amorphous carbon layer. The ad- 
dition of H 2 and/or NH 3 can be used to control the hy- 
drogen ratio of the amorphous carbon layer, as dis- 
cussed below. 

[0056] In general, the following deposition process 
parameters can be used to form the amorphous carbon 
layer. The process parameters range from a wafer tem- 
perature of about 100°C to about 500°C, a chamber 
pressure of about 1 torr to about 20 torr, a hydrocarbon 
gas (C x H y ) flow rate of about 50 seem to about 500 
seem (per 8 inch wafer), a RF power of between about 

3 W/in 2 to about 20 W/in 2 , and a plate spacing of be- 
tween about 300 mils to about 600 mils. The above proc- 
ess parameters provide a typical deposition rate for the 
amorphous carbon layer in the range of about 100 A/ 
min to about 1000 A/min and can be implemented on a 
200 mm substrate in a deposition chamber available 
from Applied Materials, Inc. 

[0057] Other deposition chambers are within the 
scope of the invention and the parameters listed above 
may vary according to the particular deposition chamber 
used to form the amorphous carbon layer. For example, 
other deposition chambers may have a larger or smaller 
volume, requiring gas flow rates that are larger or small- 
er than those recited for deposition chambers available 
from Applied Materials, Inc. 

[0058] The as-deposited amorphous carbon layer has 
an adjustable carbon: hydrogen ratio that ranges from 
about 10 % hydrogen to about 60 % hydrogen. Control- 
ling the hydrogen ratio of the amorphous carbon layer 
is desirable fortuning its optical properties as well as its 
etch selectivity. Specifically, as the hydrogen ratio de- 
creases the optical properties of the as-deposited layer 
such as for example, the index of refraction (n) and the 
absorption coefficient (k) increase. Similarly, as the hy- 
drogen ratio decreases the etch resistance of the amor- 
phous carbon layer increases. 
[0059] The light absorption coefficient, k, of the amor- 
phous carbon layer can be varied between about 0.1 to 
about 1.0 at wavelengths below about 250 nm, making 
it suitable for use as an anti-reflective coating (ARC) at 
DUV wavelengths. The absorption coefficient of the 



amorphous carbon layer can be varied as a function of 
the deposition temperature. In particular, as the temper- 
ature increases the absorption coefficient of the as-de- 
posited layer likewise increases. For example, when pro- 

5 pylene is the hydrocarbon compound the k value for the 
as-deposited amorphous carbon layers can be increased 
from about 0.2 to about 0.7 by increasing the deposition 
temperature from about 150 °C to about 480 °C. 
[0060] The absorption coefficient of the amorphous 

10 carbon layer can also be varied as a function of the ad- 
ditive used in the gas mixture. In particular, the presence 
of H 2 , NH 3 , N 2 or combinations thereof, in the gas mix- 
ture can increase the k value by about 10 % to about 
100 %. 

15 

Integrated Circuit Fabrication Processes 
A. Amorphous Carbon Hardmask 

20 [0061] FIGS. 2a-e illustrate schematic cross-section- 
al views of a substrate 200 at different stages of an in- 
tegrated circuit fabrication sequence incorporating an 
amorphous carbon layer as a hardmask. In general, the 
substrate 200 refers to any workpiece on which process- 

25 ing is performed, and a substrate structure 250 is used 
to generally denote the substrate 200 together with oth- 
er material layers formed on the substrate 200. Depend- 
ing on the specific stage of processing, the substrate 
200 may correspond to a silicon substrate, or other ma- 

30 terial layer that has been formed on the substrate. FIG. 
2a, for example, illustrates a cross-sectional view of a 
substrate structure 250, having a material layer 202 that 
has been conventionally formed thereon. The material 
layer 202 may be an oxide (e.g., Si0 2 ). In general, the 

35 substrate 200 may include a layer of silicon, silicides, 
metals or other materials. FIG. 2a illustrates one em- 
bodiment in which the substrate 200 is silicon having a 
silicon dioxide layer formed thereon. 
[0062] FIG. 2b depicts an amorphous carbon layer 

40 204 deposited on the substrate structure 250 of FIG. 2a. 
The amorphous carbon layer 204 is formed on the sub- 
strate structure 250 according to the process parame- 
ters described above. The thickness of the amorphous 
carbon layer is variable depending on the specific stage 

45 of processing. Typically, the amorphous carbon layer 
has a thickness in the range of about 50 A to about 1 000 
A. 

[0063] Dependant on the etch chemistry of the energy 
sensitive resist material used in the fabrication se- 

50 quence, an intermediate layer 206 is formed on the 
amorphous carbon layer 204. The intermediate layer 
206 functions as a mask for the amorphous carbon layer 
204 when the pattern is transferred therein. The inter- 
mediate layer 206 is conventionally formed on the amor- 

55 phous carbon layer 204. The intermediate layer 206 
may be an oxide, nitride, silicon oxynitride, silicon car- 
bide, amorphous silicon or other materials. 
[0064] A layer of energy sensitive resist material 208 
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is formed on the intermediate layer 206. The layer of 
energy sensitive resist material 208 can be spin coated 
on the substrate to a thickness within the range of about 
2000 A to about 6000A. Most energy sensitive resist ma- 
terials are sensitive to ultraviolet (UV) radiation having 
a wavelength less than about 450 nm. DUV resist ma- 
terials are sensitive to UV radiation having wavelengths 
of 245 nm or 193 nm. 

[0065] An image of a pattern is introduced into the lay- 
er of energy sensitive resist material 208 by exposing 
such energy sensitive resist material 208 to UV radiation 
via mask 210. The image of the pattern introduced in 
the layer of energy sensitive resist material 208, is de- 
veloped in an appropriate developer to define the pat- 
tern through such layer as shown in FIG. 2c. Thereafter, 
referring to FIG. 2d, the pattern defined in the energy 
sensitive resist material 208 is transferred through both 
the intermediate layer 206 and the amorphous carbon 
layer 204. The pattern is transferred through the inter- 
mediate layer 206 using the energy sensitive resist ma- 
terial 208 as a mask. The pattern is transferred through 
the intermediate layer 206 by etching the intermediate 
layer 206 using an appropriate chemical etchant. The 
pattern is then transferred through the amorphous car- 
bon layer 204 using the intermediate layer 206 as a 
mask. The pattern is transferred through the amorphous 
carbon layer 204 by etching the amorphous carbon layer 
204 using an appropriate chemical etchant (e. g., ozone, 
oxygen or ammonia plasmas). 
[0066] FIG. 2e illustrates the completion of the inte- 
grated circuit fabrication sequence by the transfer of the 
pattern defined in the amorphous carbon layer 204 
through the silicon dioxide layer 202 using the amor- 
phous carbon layer 204 as a hardmask. 
[0067] After the silicon dioxide layer 202 is patterned, 
the amorphous carbon layer 204 can optionally be 
stripped from the substrate 200 by etching it in an ozone, 
oxygen or ammonia plasma. 

[0068] In a specific example of a fabrication se- 
quence, the pattern defined in the amorphous carbon 
hardmask can be incorporated into the structure of the 
integrated circuit, such as a damascene structure. Da- 
mascene structures are typically used to form metal in- 
terconnects on integrated circuits. 
[0069] FIGS. 3a-3e illustrate schematic cross-sec- 
tional views of a substrate 260 at different stages of a 
damascene structure fabrication sequence incorporat- 
ing an amorphous carbon layer therein. Depending on 
the specific stage of processing, substrate 260 may cor- 
respond to a silicon substrate, or other material layer 
that has been formed on the substrate. FIG. 3a, for ex- 
ample, illustrates a cross-sectional view of a substrate 
260 having a dielectric layer 262 formed thereon. The 
dielectric layer 262 may be an oxide (e. g., silicon diox- 
ide, fluorosilicate glass). In general, the substrate 260 
may include a layer of silicon, silicides, metals or other 
materials. 

[0070] FIG. 3a illustrates one embodiment in which 



the substrate 260 is silicon having a fluorosilicate glass 
layer formed thereon. The dielectric layer 262 has a 
thickness of about 5,000 A to about 10,000 A, depend- 
ing on the size of the structure to be fabricated. An amor- 
5 phous carbon layer 264 is formed on the dielectric layer 
262. The amorphous carbon layer is formed on the die- 
lectric layer 262 according to the process parameters 
described above. The amorphous carbon layer 264 has 
a thickness of about 200 A to about 1000 A. 
10 [0071] Referring to FIG. 3b, the amorphous carbon 
layer 264 is patterned and etched to define contact/via 
openings 266 and to expose the dielectric layer 262, in 
areas where the contacts/vias are to be formed. The 
amorphous carbon layer 264 is patterned using conven- 
ts tional lithography and etched using oxygen or ammonia 
plasmas. 

[0072] The contact/via openings 266 formed in the 
amorphous carbon layer 264 are than transferred into 
the dielectric layer 262 using the amorphous carbon lay- 

20 er 264 as a hard mask as shown in FIG. 3c. The con- 
tacts/vias 266 are etched using reactive ion etching or 
other anisotropic etching techniques. After the contacts/ 
vias 266 are transferred into the dielectric layer 262, the 
amorphous carbon layer is stripped from dielectric layer 

25 262 by etching it in an ozone, oxygen or ammonia plas- 
ma as depicted in FIG. 3d. 

[0073] Referring to FIG. 3e, a metallization structure 
is formed in the contacts/vias 266 using a conductive 
material 274 such as aluminum, copper, tungsten, or 

30 combinations thereof. Typically, copper is used to form 
the metallization structure due to its low resistivity (about 
1 .7 u!2-cm). The conductive material 274 is deposited 
using chemical vapor deposition, physical vapor depo- 
sition, electroplating, or combinations thereof, to form 

35 the damascene structure. Preferably, a barrier layer 272 
such as tantalum, tantalum nitride, or other suitable bar- 
rier is first deposited conformally in the metallization 
structure to prevent metal migration into the surrounding 
dielectric material layer 262. Additionally, the dielectric 

40 layer 262 preferably has a low dielectric constant (die- 
lectric constants less than about 4.5) so as to prevent 
capacitive coupling between adjacent contacts/vias 266 
of the metallization structure. 

45 B. Amorphous Carbon Anti-Reflective Coating (ARC) 

[0074] FIGS. 4a-4c illustrate schematic cross-sec- 
tional views of a substrate 300 at different stages of an 
integrated circuit fabrication sequence incorporating an 

so amorphous carbon layer as an anti-reflective coating 
(ARC). In general, the substrate 300 refers to any work- 
piece on which film processing is performed, and a sub- 
strate structure 350 is used to generally denote the sub- 
strate 300 together with other material layers formed on 

55 the substrate 300. Depending on the specific stage of 
processing, substrate 300 may correspond to a silicon 
substrate, or other material layer, which has been 
formed on the substrate. FIG. 4a, for example, illustrates 
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a cross-sectional view of a substrate structure 350 in 
which the substrate 300 is an oxide layer formed on a 
silicon wafer. 

[0075] An amorphous carbon layer 302 is formed on 
the substrate 300. The amorphous carbon layer 302 is 
formed on the substrate 300 according to the process 
parameters described above. The amorphous carbon 
layer has a refractive index (n) in the range of about 1.5 
to 1.9 and an absorption coefficient (k) in the range of 
about 0.1 to about 1.0 at wavelengths less than about 
250 nm making it suitable for use as an ARC at DUV 
wavelengths. The refractive index (n) and absorption 
coefficient (k) for the amorphous carbon ARC are tuna- 
ble, in that they can be varied in the desired range as a 
function of the temperature as well as the composition 
of the gas mixture during layer formation. The thickness 
of the amorphous carbon layer is variable depending on 
the specific stage of processing. Typically, the amor- 
phous carbon layer has a thickness of about 200 A to 
about 1100 A. 

[0076] FIG. 4b depicts a layer of energy sensitive re- 
sist material 304 formed on the substrate structure 350 
of FIG. 4a. The layer of energy sensitive resist material 
can be spin coated on the substrate to a thickness within 
the range of about 2000 A to about 6000 A. The energy 
sensitive resist material is sensitive to DUV radiation 
having a wavelength less than 250 nm. 
[0077] An image of a pattern is introduced into the lay- 
er of energy sensitive resist material 304 by exposing 
such energy sensitive resist material 304 to DUV radia- 
tion via mask 306. The image of the pattern introduced 
into the layer of energy sensitive resist material 304 is 
developed in an appropriate developer to define the pat- 
tern through such layer. Thereafter, referring to FIG. 4c, 
the pattern defined in the energy sensitive resist mate- 
rial 304 is transferred through the amorphous carbon 
layer 302. The pattern is transferred through the amor- 
phous carbon layer 302 using the energy sensitive resist 
material 304 as a mask. The pattern is transferred 
through the amorphous carbon layer 302 by etching it 
using an appropriate chemical etchant (e. g., ozone, ox- 
ygen or ammonia plasmas). 

[0078] After the amorphous carbon 302 is patterned, 
such pattern is optionally transferred into the substrate 
300. Typically, when substrate 300 comprises an oxide 
layer on a silicon substrate, the etch selectivity of the 
oxide to a resist mask is about 3:1 to about 5:1. Specif- 
ically, the oxide will etch about 3 to 5 times faster than 
the resist. In contrast, the amorphous carbon ARC layer 
of the present invention has an etch selectivity to the 
oxide of greater than about 10:1 . That is, the oxide will 
etch more than 1 0 times faster than the amorphous car- 
bon ARC. Thus, the amorphous carbon ARC layer also 
provides greater etch selectivity as a hard mask for pat- 
terning the oxide, without the added complexity of re- 
quiring an additional intermediate hardmask layer. 
[0079] In an alternate embodiment, the amorphous 
carbon layer can have an absorption coefficient (k) that 



varies across the thickness of the layer. That is, the 
amorphous carbon layer can have an absorption coef- 
ficient gradient formed therein. Such a gradient is 
formed as a function of the temperature and the com- 

5 position of the gas mixture during layer formation. 
[0080] At any interface between two material layers, 
reflections can occur because of differences in their re- 
fractive indices (n) and absorption coefficients (k). When 
the amorphous carbon ARC has a gradient, it is possible 

10 to match the refractive indices (n) and the absorption 
coefficients (k) of the two material layers so there is min- 
imal reflection and maximum transmission into the 
amorphous carbon ARC. Then the refractive index (n) 
and absorption coefficient (k) of the amorphous carbon 

15 ARC can be gradually adjusted to absorb all of the light 
transmitted therein. 

C. Multi-Layer Amorphous Carbon Anti- Reflective 
Coating (ARC) 

20 

[0081] FIGS. 5a-5d illustrate schematic cross-sec- 
tional views of a substrate 400 at different stages of an 
integrated circuit fabrication sequence incorporating a 
multi-layer amorphous carbon anti-reflective coating 

25 (ARC) structure. In general, the substrate 400 refers to 
any workpiece on which film processing is performed, 
and a substrate structure 450 is used to generally de- 
note the substrate 400 together with other material lay- 
ers formed on the substrate 400. Depending on the spe- 

30 cific stage of processing, substrate 400 may correspond 
to a silicon substrate, or other material layer, which has 
been formed on the substrate. FIG. 5a, for example, il- 
lustrates a cross-sectional view of a substrate structure 
450 in which the substrate 400 is a silicon wafer. 

35 [0082] A first amorphous carbon layer 402 is formed 
on the substrate 400. The first amorphous carbon layer 
402 is formed on the substrate 400 according to the 
process parameters described above. The first amor- 
phous carbon layer 402 is designed primarily for light 

40 absorption. As such, the first amorphous carbon layer 
402 has an index of refraction in the range of about 1 .5 
to about 1.9 and an absorption coefficient (k) in the 
range of about 0.5 to about 1 .0 at wavelengths less than 
about 250 nm. The thickness of the first amorphous car- 

45 bon layer 402 is variable depending on the specific 
stage of processing. Typically, the first amorphous car- 
bon layer 402 has a thickness in the range of about 300 
A to about 1500 A. 

[0083] A second amorphous carbon layer 404 is 
so formed on the first amorphous carbon layer 402. The 
second amorphous carbon layer 404 is also formed ac- 
cording to the process parameters described above. 
The second amorphous carbon layer 404 is designed 
primarily for phase shift cancellation. Specifically, the 
55 second amorphous carbon layer is designed to create 
reflections that cancel those generated at the interface 
with an overlying material layer (e. g., an energy sensi- 
tive resist material). As such, the second amorphous 
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carbon layer 404 has an index of refraction of about 1 .5 
to about 1.9 and an absorption coefficient in the range 
of about 0.1 to about 0.5. 

[0084] The thickness of the second amorphous car- 
bon layer 404 is also variable depending on the specific 
stage of processing. Typically, the second amorphous 
carbon layer 404 has a thickness in the range of about 
300 A to about 700 A. The refractive index (n) and the 
absorption coefficient (k) of the first and second amor- 
phous carbon layers are tunable, in that they can be var- 
ied as a function of the temperature as well as the com- 
position of the gas mixture during layer formation. 
[0085] Additional amorphous carbon layers may be 
included in the multi-layered amorphous carbon ARC 
structure. For example, more than one top layer can be 
used to cancel reflections generated at the interface with 
for example, the energy sensitive resist material, while 
more than one bottom layer can be used to absorb light 
transmitted therein minimizing reflections at the inter- 
face of the multi-layered amorphous carbon ARC struc- 
ture with underlying materials such as for example low 
dielectric constant oxides. 

[0086] FIG. 5b depicts a layer of energy sensitive re- 
sist material 406 formed on the substrate structure 450 
of FIG. 5a. The layer of energy sensitive resist material 
can be spin coated on the substrate to a thickness within 
the range of about 2000 A to about 6000 A. The energy 
sensitive resist material is sensitive to DUV radiation 
having a wavelength less than 250 nm. 
[0087] An image of a pattern is introduced into the lay- 
er of energy sensitive resist material 406 by exposing 
such energy sensitive resist material 406 to DUV radia- 
tion via mask 408. 

[0088] The image of the pattern introduced into the 
layer of energy sensitive resist material 406 is devel- 
oped in an appropriate developer to define the pattern 
through such layer as shown in FIG. 5c. Thereafter, re- 
ferring to FIG. 5d, the pattern defined in the energy sen- 
sitive resist material 406 is transferred through both 
amorphous carbon layers 404, 402 using the energy 
sensitive resist material 406 as a mask. The pattern is 
transferred through the amorphous carbon layers 404, 
402 by etching them using an appropriate chemical 
etchant (e. g., ozone, oxygen or ammonia plasmas). Af- 
ter the multi-layer ARC is patterned, such pattern is op- 
tionally transferred into the substrate. 
[0089] The multi-layered amorphous carbon ARC 
structure described with reference to FIGS. 5a-5d, also 
provides etch selectivity as a hardmask for patterning 
such underlying material layers as low dielectric con- 
stant oxides, without the added complexity of requiring 
an additional intermediate hardmask layer, as dis- 
cussed previously for the single-layer amorphous car- 
bon ARC. 



Claims 

1 . A method of forming an amorphous carbon layer on 
a substrate comprising: 

5 

positioning a substrate in a deposition cham- 
ber; 

providing a gas mixture to the deposition cham- 
ber, wherein the gas mixture comprises one or 
10 more hydrocarbon compounds and an inert 

gas; and 

heating the gas mixture to thermally decom- 
pose the one or more hydrocarbon compounds 
in the gas mixture to form an amorphous carbon 
15 layer on the substrate. 

2. A method of forming a device, comprising: 

forming one or more amorphous carbon layers 
20 on a substrate; and 

defining a pattern in at least one region of the 
one or more amorphous carbon layers. 

3. The method of claim 2 further comprising transfer- 
25 ring the pattern defined in the at least one region of 

the one or more amorphous carbon layers into the 
substrate using the one or more amorphous carbon 
layers as a mask. 

30 4. The method of claim 2 wherein definition of the pat- 
tern in the at least one region of the one or more 
amorphous carbon layers, comprises: 

forming a layer of energy sensitive resist mate- 
rial on the intermediate layer; 
introducing an image of the pattern into the lay- 
er of energy sensitive resist material by expos- 
ing the energy sensitive resist material to pat- 
terned radiation; 

developing the image of the pattern introduced 
into the layer of energy sensitive resist material; 
and 

transferring the pattern through the one or more 
amorphous carbon layers using the layer of en- 
ergy sensitive resist material as a mask. 



40 



45 

5. The method of claim 4 further comprising: 

forming an intermediate layer on the one or 
50 more amorphous carbon layers prior to forming 

the layer of energy sensitive resist thereon, in- 
troducing the image of a pattern therein, and 
developing the image of the pattern; 
transferring the image of the pattern developed 
55 in the layer of energy sensitive resist material 

through the intermediate layer using the energy 
sensitive resist material as a mask; and 
transferring the pattern through the one or more 
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amorphous carbon layers using the intermedi- 
ate layer as a mask. 

The method of claim 5 wherein the intermediate lay- 
er is an oxide. 



hydrogen. 

14. The method of any of the preceding claims wherein 
the gas mixture is heated by applying an electric 
field thereto. 



7. The method of claim 2 wherein the one or more 
amorphous carbon layers are anti-reflective coat- 
ings at wavelengths less than 250 nm. 

8. The method of claim 40 wherein the one or more 
amorphous carbon layers each have an absorption 
coefficient in the range of 0.1 to 1 .0 at wavelengths 
less than 250 nm. 

9. The method of claim 8 wherein the absorption co- 
efficient varies across the thickness of the one or 
more amorphous carbon layers from 0.1 to 1.0. 

10. A method of fabricating a damascene structure, 
comprising 

forming a dielectric layer on a substrate; 
forming an amorphous carbon layer on the di- 
electric layer; 

patterning the amorphous carbon layer to de- 
fine contacts/vias therethrough; 
transferring the pattern formed in the amor- 
phous carbon layer through the dielectric layer 
to form contacts/vias therein; 
removing the amorphous carbon layer from the 
patterned dielectric layer; and 
filling the contacts/vias formed in the dielectric 
layer with a conductive material. 

11. The method of claim 10 wherein the amorphous car- 
bon layer is formed on the dielectric layer by 

positioning the substrate in a deposition cham- 
ber, wherein the substrate has a dielectric layer 
thereon; 

providing a gas mixture to the deposition cham- 
ber, wherein the gas mixture comprises one or 
more hydrocarbon compounds and an inert 
gas; and 

heating the gas mixture to thermally decom- 
pose the one or more hydrocarbon compounds 
in the gas mixture to form the amorphous car- 
bon layer on the dielectric layer. 

12. The method of any of the preceding claims wherein 
the one or more hydrocarbon compounds in the gas 
mixture have the general formula C x H y? wherein x 
has a range of 2 to 4 and y has a range of 2 to 10. 

1 3. The method of any of the preceding claims wherein 
the amorphous carbon layer has a carbon:hydro- 
gen ratio in the range of 10 % hydrogen to 60 % 



15. The method of any of the preceding claims wherein 
the electric field is a RF field the the RF power of 
which is in a range of 3 W/in 2 to 20 W/in 2 . 

10 

16. A computer storage medium containing a software 
routine that, when executed, causes a general pur- 
pose computer to control a deposition chamber us- 
ing a.method of any of the preceding claims. 

15 
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